Kinetic constants for peptide phosphorylation by the catalytic subunit of the dimorphic fungus Mucor rouxii protein kinase A were determined using 13 peptides derived from the peptide containing the basic consensus sequence RRASVA, plus kemptide, S6 peptide, and protamine. As a whole, although with a greater K m , the order of preference of the peptides by the M. rouxii catalytic subunit was similar to the one displayed by mammalian protein kinase A. Particularly significant is the replacement of serine by threonine in the basic peptide RRATVA, which impaired its role as a substrate of M. rouxii catalytic subunit. Mucor rouxii protein kinase A is a good model in which to study the mechanism of activation since cAMP alone is not enough to promote activation and dissociation. Four peptides were selected for the study of holoenzyme activation under conditions in which the enzymatic activity was not proportional to the holoenzyme concentration: RRASVA, RRRRASVA, KRRRLSSRA (S6 peptide), and LRRASLG (kemptide); protamine was used as reference. Differential activation degree was observed depending on the peptide used and on cAMP concentration. Ratios of activity between different substrates displayed by the holoenzyme under the above conditions did not reflect the one expected for the free catalytic subunit. The degree of inhibition of the holoenzyme activity by an active peptide derived from the thermostable protein kinase inhibitor was dependent on the substrate used and on the holoenzyme concentration, while it was found to be independent of these two parameters for free catalytic subunit. Polycation modulation of holoenzyme activation by cAMP was also dependent on the polycation itself and on the peptide used as substrate. The observed kinetic differences between holoenzyme and free catalytic subunit were decreased or almost abolished when working at low enzyme or at high cAMP concentrations. Two hypotheses compatible with the results are discussed: substrate participation in the dissociation process and/or holoenzyme activation without dissociation. © 2000 Academic Press Key Words: protein kinase A; catalytic subunit; Mucor rouxii; cAMP activation; substrate.
The eukaryotic cAMP-dependent protein kinases (PK A) 2 are tetramers composed of two regulatory (R) and two catalytic (C) subunits. The holoenzyme (R 2 C 2 ) is catalytically inactive, due to the blocking of the substrate site of C with a pseudosubstrate site in R . The high affinity between R and C, in the nanomolar range, is due not only to the interaction through this substrate site, which should be in the micromolar range, but also to additional sites that strengthen the interaction (1) (2) (3) (4) . Activation results from allosteric interactions by which cAMP binding to two intrachain cAMPbinding sites (sites A and B) in the R subunit decreases by five orders of magnitude the affinity of R for C (5) . In vitro studies of the ligand regulation of PK A have demonstrated the cAMP dissociation of the holoenzyme by using nonequilibrium techniques. However there are some doubts of whether in vivo activation of the holoenzyme by cAMP necessarily means dissociation. According to the dissociation constant of the mammalian holoenzyme with bound cAMP, and the intracellular concentration of PK A (0.2-2 M (6)), cAMP-saturated PK A may exist within the cell without being dissociated into its subunits (5) . Even in vitro, ternary complexes R 2 C 2 -cAMP x have already been demonstrated in some cases (7, 8) . It has been suggested (5) that cAMP-saturated PK A may retain some of the kinase activity of the free C subunit, in analogy to the nondissociable PK G, and that an intriguing possibility is that the ternary complex and free C subunit may have different substrate specificities. Recent work presented by Yang et al. (9) demonstrates that cAMP can induce holoenzyme activity without subunit dissociation and suggests that cAMP binding to PK A is insufficient to explain its in vivo dissociation.
There are also no adequate models at present suitable for explaining the variety of responses displayed by a system as a consequence of the action of different drugs that are known to act activating the same cAMP pathway (10 -12) . The sources of variability for selectively regulating different PK A phosphorylation events are being explained by the different affinity of the various isoenzymatic forms of R subunit for cAMP and for C subunit isoforms, by substrate concentration, by enzyme localization through the interaction with anchoring proteins, and by crosstalk with other signal transduction pathways . A cAMP-bound holoenzyme with enzymatic activity would add an interesting level of diversity to explain in vivo PK A behavior.
We are interested in understanding the molecular mechanism for the activation of PK A in vivo and have already contributed to this discussion with two approaches. One of the approaches (13) consisted of analyzing the PK A activation mechanism through the study of mutants of the yeast regulatory subunit and correlating the observed phenotypes with the cAMPindependent constitutive activity displayed by the mutated holoenzymes. The second approach, which we are resuming in this work, used as a model system the PK A from the dimorphic fungus Mucor rouxii (PK A Mr ). The interaction between R and C in this holoenzyme seems to be particularly high, as judged by the lack of dissociation with cAMP alone, even at millimolar concentrations (14) . Using PK A Mr we have observed (15) that in a range where the phosphorylating activity of either histone or protamine was linearly dependent on enzyme concentration kempide phosphorylating activity was no longer proportional to enzyme concentration and that under these conditions NaCl or polycations could increase the activity toward kemptide of the holoenzyme. From these results we hypothesized that the protein substrate could be involved in PK A Mr activation by cAMP.
In the present work we extend the results observed with kemptide (15) to other peptide substrates. Studies are performed in vitro in a range in which the rate is not proportional to enzyme concentration. We conclude that the holoenzyme activation by cAMP is highly dependent on the substrate, either because the substrate participates in the activation or because the holoenzyme displays catalytic activity with kinetic parameters different from those of free C subunit.
MATERIALS AND METHODS
Cell growth. Fresh spores of M. rouxii (NRRL 1894) were produced and stored as described (16) . Aerobic cultures were grown for 16 h at 28°C under continuous shaking from a spore inoculum of 10 6 spores/ml in complex medium (YPG) (17) containing 3% glucose as the main carbon source. Mycelia were harvested and stored at Ϫ70°C.
Enzyme preparation. Fresh partially purified preparations of the holoenzyme and of its derived free C subunit were used throughout. The holoenzyme was prepared from mycelial powder; extraction and enzyme purification through DEAE-Sepharose and sucrose gradient centrifugation were performed as described (18) . The catalytic subunit was isolated by incubating the holoenzyme with 10 M cAMP and 0.5 M NaCl and by further separation of the C from the R subunit through sedimentation in 5-20% sucrose gradients equilibrated with 0.5 M NaCl and 0.4 M cAMP as described (19) .
Protein kinase assays. PK A Mr activity was determined by assaying its phosphotransferase activity using the indicated peptides or proteins as substrates. The assay was started by mixing the enzyme sample with assay mixture to give the following final concentrations: 50 mM Tris/HCl buffer, pH 7.4, 0.1 mM [␥-32 P]ATP (300 -800 cpm/ pmol), 0.1 mM EGTA, 0.1 mM EDTA, 15 mM MgCl 2 , 10 mM 2-mercaptoethanol, and the indicated concentrations of substrate and cAMP (when added). After 10 min at 30°C, aliquots were processed according to the phosphocellulose paper method (20) . This methodology was used for peptides containing two or more basic amino acid residues. In experiments where the peptides ARAASVA and AARASVA were used, incubations were performed as in (21) .
One unit is defined as the amount of enzyme catalyzing the incorporation of 1 pmol of phosphate into protein or peptide substrates in 1 min under the standard assay conditions.
The K m and V max values for peptide substrates were calculated from double-reciprocal plots constructed from initial rate measurements fitted linearly to the Lineweaver-Burk representation of the Michaelis-Menten equation. The reported data represent values for at least three independent determinations. The standard error (SEM) for all reported kinetic constants was Ϯ20%. (Table I) . After 5 min of incubation at 30°C, aliquots of the reaction were processed by the phosphocellulose paper method as above.
The K i value was calculated from the experimentally determined IC 50 data according to the following equation for competitive inhibitors (22) .
cAMP binding assay. Holoenzyme concentration was estimated by cAMP binding, taking into account that four molecules of cAMP bind per molecule of holoenzyme. cAMP binding was measured by the nitrocellulose filter assay. The enzyme sample was incubated with the assay mixture, in a final volume of 100 l, for 20 min at 30°C. Final concentrations were 50 mM Tris/HCl buffer, pH 7.4, 0.5 M NaCl, and 1 M [ 3 H]cAMP. An aliquot was spotted on nitrocellulose membrane filters under vacuum and immediately washed with 10 ml cold 20 mM Tris/HCl buffer, pH 7.4.
Materials. Kemptide, protein kinase peptide inhibitor (6-22 amide), and polylysine (average molecular mass of 46 kDa) were from Sigma Chemical Co. Peptide substrates and casein kinase 2 basic peptide (65-86) were provided by Dr. Lorenzo Pinna's laboratory (University of Padua, Italy). [␥-
32 P]ATP and [ 3 H]cAMP were from New England Nuclear. P-81 phosphocellulose paper was from Whatman.
RESULTS

Kinetic Constants for Peptide Phosphorylation by the Catalytic Subunit of M. rouxii Protein Kinase A
To define the substrate specificity of PK A Mr the kinetic parameters for 16 synthetic peptides and protamine with free catalytic subunit (C Mr ) were determined. Experiments were carried out using synthetic peptides based on the sequence RRXSX, which is the minimum consensus sequence required for efficient phosphorylation by PK A (23). Some of these peptides have already been used to study the site specificity of mammalian PK A (21).
The kinetic constants for peptide phosphorylation by C Mr are presented in Table I together with the reported values for mammalian PKA (21), included to facilitate the comparison. Maximum velocities (V max ) are referred relative to the V max of RRASVA taken as 100% since peptides 2-15 are designed so as to detect sequence changes that could modify the efficiency of this minimum basic consensus sequence. The phosphorylation of RRASVA was abolished by changing the serine to threonine (compare peptides 1 and 13) or by flanking it on both sides with proline residues (peptide 11). The replacement of the C-terminal valine by glutamic acid e Data were taken from Donella-Deanna et al. (21) for rabbit skeletal muscle PK A. The K m value for kemptide and the K i for PK I (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) was taken from Glass et al. (22) for bovine heart C␣.
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ZAREMBERG, DONNELLA-DEANA, AND MORENO (peptide 6) greatly decreased the specificity constant as a result of a large increase in the K m value, while a replacement by phenylalanine (peptide 3) increased the V max but also the K m , showing no change in the enzyme efficiency.
The presence of at least two adjacent arginines in the peptide and their distance from the serine residue was critical for the specificity of the enzyme. Thus, changing either arginines to alanine or moving the pair of arginines one residue closer to, or one residue farther away from, serine almost abolished phosphorylation by the enzyme (see peptides 8 and 14) .
Addition of an alanine residue at the N-terminus of the RRASVA peptide increased the specificity constant threefold (peptide 2). The presence of additional arginine residues enhanced phosphorylation. Thus, changing the N-terminal alanine of the peptide ARRASVA to arginine increased the phosphorylation efficiency around 50% (peptide 4 vs peptide 2). The addition of an extra (fourth) arginine at the N-terminus (peptide 5) increased the specificity constant a further threefold, as a result of lower K m and higher V max values. Moving the four consecutive arginines one residue further away from the serine or changing them to four lysines drastically decreased the phosphorylation efficiency (see peptides 9 and 7). As a whole, the behavior of the C Mr toward the diverse peptide substrates was similar to that shown by a mammalian PK A (21). The requirement for and the optimal location of the basic residues near the phosphorylatable serine were almost identical. The main differences were that C Mr could not use RRASFA and RRRRAASVA as efficiently as the mammalian subunit and the lack of phosphorylation of the RRATVA peptide by the Mucor catalytic subunit. Moreover, changing the four consecutive arginines of peptide 5 to four lysines abolished phosphorylation by the mammalian subunit, but did not eliminate phosphorylation by C Mr , although the enzyme activity was decreased greatly (Table I and (21)).
It is worth mentioning that the K m for kemptide in mammalian protein kinase A is 20-to 30-fold lower than that in Mucor enzyme. This lower affinity toward kemptide seems to be a characteristic of lower eukaryotes, since it has been observed with protein kinase A from Saccharomyces cerevisiae, Trypanosoma cruzi, and Candida albicans (24 -26) .
The catalytic subunit of Mucor PK A was inhibited by PK I 6-22 , the most potent peptide inhibitor corresponding to the active portion of the heat-stable inhibitor protein of PK A (EC 2.7.1.37), with a K i value of 150 nM. This peptide is over 30-fold less potent in inhibiting C Mr as compared to the mammalian enzyme, as it has been reported previously for yeast C subunit (C 1 ) (22) .
cAMP Activation and Substrate
Preliminary studies established that linearity of PK A Mr activity with enzyme concentration was restricted when kemptide was used as a substrate, while it was maintained in a wider range of concentration when either histone or protamine were used in the assay (15) . We were interested in studying the PK A behavior at those enzyme concentrations where a difference between a peptide substrate and a basic protein substrate was evident since we interpret the lack of proportionality as being due to incomplete activation. In this work we extend the analysis of the PK A activation mechanism by using a variety of peptide substrates. Three substrates were selected from the ones shown in Table I to be used in protein kinase assays at variable holoenzyme concentration: RRRRASVA (R4) (peptide 5), S6 (peptide 16), and kemptide (K) (peptide 15). Protamine (P) (substrate 17) was used as a reference substrate, due to the fact that with this substrate the enzyme displays the maximal activity.
To analyze the dependence on enzyme concentration of holoenzyme activity with the different substrates, the assays were performed at 10 M cAMP in a range of enzyme concentrations between 0.2 and 3 nM. Each substrate was used at a concentration of threefold its K m , for free C Mr , since one would expect a priori this could represent a saturating concentration for the holoenzyme as well (Fig. 2 in (15) shows that this is the case for kemptide at low holoenzyme concentration). As shown in Fig. 1 , the range of linearity with holoenzyme concentration when using protamine as substrate (Fig.   FIG. 1 . Activity dependence on holoenzyme concentration and peptide substrate. Different aliquots of partially purified PK A Mr were incubated under the standard assay conditions in the presence of 10 M cAMP. Substrate concentrations, corresponding to threefold their K m with free C Mr were the following: 120 M protamine (}); 45 M S6 peptide (F); 15 M R4 peptide (s); and 150 M kemptide (OE). Inset shows the activity with protamine, in the whole enzyme concentration range. A typical representative experiment from three performed with independent enzyme preparations is shown.
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1, inset) is much greater than when using peptide substrates.
An enzyme concentration where the lack of proportionality was evident for kemptide at 10 M cAMP was chosen to assay the effect of varying the cAMP concentration on the PK A Mr activity toward the selected substrates. Figure 2 illustrates the activation of holoenzyme by cAMP assayed for the four substrates: R4, S6, kemptide, and protamine. It is worth remembering that the V max values for these four substrates, when using free C subunit as enzyme, are all in the same range (see Table I ). Cyclic AMP concentration was varied from 25 nM to 1 mM. Activation of the enzyme with protamine reached a plateau at 10 M cAMP. The decrease in activity at 100 M and 1 mM cAMP is apparent, due to competitive inhibition of ATP by cAMP in the kinase assay. This inhibition has already been mentioned to occur in other systems and when evaluated using free C Mr shown to be substrate independent (dns). However, kinase activity in the case of the selected peptides continued to increase with increasing levels of cAMP and was nonsaturating up to 1 mM cAMP. At this concentration, inhibition by cAMP, as evident with protamine, made interpretation of results difficult since in the case of the peptides two processes are occurring simultaneously: activation of holoenzyme together with the nondesirable effect of inhibition of catalytic activity; in the case of protamine, activation is complete and only the inhibitory effect is observed. As a consequence, and since activity was far from maximal when using peptides, the cAMP concentration necessary to produce 50% activation ( A 0.5 ) for each peptide cannot be determined from these data. Assuming that complete activation means complete dissociation, the maximum activity attained with protamine would represent the one displayed by all the free C subunit capable of being generated. Recalling that the V max for the four substrates is approximately the same for free C Mr (Table I) and that cAMP inhibition is substrate independent (dns), a rough estimate of the degree of activation attained with each peptide at 1 mM cAMP can be assessed, taking as maximal the activity obtained with protamine at 10 M and an inhibition of 50% for 1 mM cAMP. In this case, values of 67, 50, and 17 of maximal activation are obtained for S6, R4, and kemptide, respectively. These values are only valid for the particular case of the data shown in Fig. 2 , since the degree of activation attained is highly dependent on the enzyme concentration used, when working in a range in which the activity is not proportional to enzyme concentration. Nevertheless, for variable enzyme concentrations within this range, a differential activation degree was always observed for these three substrates.
Activity Dependence on Holoenzyme Concentration and Peptide Substrate
Rationale. If substrate phosphorylation by holoenzyme in the presence of cAMP reflects the free C subunit activity, and the amount of free C depends only on cAMP concentration, a ratio of activity between different substrates similar to the one shown by the free C subunit in Table I could be expected.
The data of Fig. 3 illustrate the effect of increasing concentrations of holoenzyme and cAMP on the activity ratio of selected peptides, expressed relative to protamine. These data come from a redrawal of the data of experiments such as the one in Fig. 1 , performed at 10 M cAMP (A) and 100 M cAMP (B), shown in the inset. The results indicate that, when increasing enzyme concentration, the activity ratios differ significantly from the ones displayed by the free C subunit. From the analysis of the results it seems as if the differential behavior between substrates is best expressed when the enzyme activation is not too far from its maximum. For example, in Fig. 3A , at 0.2 nM enzyme, there is a great difference in the relative apparent specific activity of the holoenzyme as compared to free C subunit. At higher enzyme concentrations, the peptide-phosphorylating activity decreases with the increasing concentration almost toward zero. In Fig. 3B , working at 100 M cAMP, the apparent specific activity of the holoenzyme at low enzyme concentration is similar to the one of free C, while at 3 nM, not too far from complete activation, the differential apparent specific activity is enhanced.
FIG. 2.
Substrate dependence of holoenzyme activation by cAMP. Protein kinase assays were performed under the same conditions as those described in Fig. 1 . Symbols are the same as in Fig. 1 . This is a typical representative experiment using 3 nM holoenzyme. For enzyme concentrations higher than 2 nM the general aspect of the curves are the same although quantitative data differ.
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Effect of the Peptide Inhibitor on Holoenzyme Activity
Following the same rationale as the one used in the experiments described above, it was predicted that if free catalytic subunit is responsible for the displayed holoenzyme activity, when assayed in the presence of cAMP, then the sensitivity to inhibition by the specific peptide inhibitor PK I [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] should be the same as the one displayed by the free C.
PK A Mr activity was measured in the presence 1 M PK I 6-22 and three different substrates: kemptide, R4, and protamine, at their respective K m (Fig. 4) . Inhibition of free C subunit by the peptide inhibitor was independent of the substrate used (Table I) . However when using holoenzyme and kemptide or R4, the degree of inhibition depended on enzyme and/or cAMP concentrations; with protamine as substrate, the inhibition attained was always the same and similar to the one expected for free C.
Polycation Modulation of PK A Activation
We have previously demonstrated that the activation of PK A Mr by cAMP at nonlinear enzyme concentrations, when using kemptide as substrate, was stimulated by the addition of polycations (15) . The analysis is now extended to three other peptide substrates: R4 and S6, which have already been used in Figs. 1-3 , plus R2 (RRASVA), which corresponds to peptide 1 in Table I and was also shown to be a good substrate. The polycations used were polylysine (1 g/ml) and a basic peptide derived from the ␣-subunit (65-86) of casein kinase II (CK2) (VVVKILKPVKKKKIKREIKILE). The holoenzyme concentration chosen for this assay was 0.5 nM; this concentration was partially activated at 0.1 M cAMP and almost fully activated at 10 M cAMP, when using kemptide as a substrate. The results are shown in Fig. 5 , where the expected free C subunit activity relationship between substrates (Table I) is shown for comparison. As can be seen in the figure, modulation of cAMP activation by polycations could only be evident when the holoenzyme was partially activated by cAMP, as had been observed before for kemptide (15) . The degree of activation promoted by the polycation (Fig. 5, inset) was dependent on the polycation itself and on the peptide used as substrate, being higher for R4; the effect was absolutely dependent on the presence of cAMP. It is interesting to remark that activation can be obtained with an artificial polypeptide such as polylysine and by a peptide obtained from a naturally occurring protein such as casein kinase II.
FIG. 4.
Holoenzyme sensitivity to PK I 6-22 inhibition. Inhibition of phosphotransferase activity by 1 M PK I 6-22 was assayed as described under Materials and Methods, using the substrates at their K m . Data are expressed as the percentage of PK A activity in the presence of PK I relative to the respective PK A activity in the absence of PK I for each substrate. Empty bars correspond to kemptide, hatched bars to R4, and bars with horizontal lines to protamine. Inset shows the activity values in the absence (empty bars) or presence (black bars) of PKI peptide. K, kemptide; R, R4; P, protamine.
FIG. 3.
Dependence of ratio of peptide substrate activities with holoenzyme concentration and with cAMP. Redrawal of the results in Fig. 1 (A) and of an equivalent experiment performed at 100 M cAMP (B) in which absolute data for protamine phosphorylation are 90% of the corresponding values of activity at 10 M cAMP. Enzyme activity for each peptide substrate was referred to the corresponding activity with protamine taken as 1; empty bars correspond to kemptide/protamine ratio (K/P), hatched bars to R4 peptide/protamine ratio (R4/P), and black bars to S6 peptide/protamine ratio (S6/P). A typical representative experiment from three performed with independent enzyme preparations is shown.
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DISCUSSION
The substrate specificity of C Mr has been analyzed (Table I ) and found to be very similar to the one displayed by catalytic subunits from cAMP-dependent protein kinases from mammalian origin (21) . An interesting characteristic is that the general affinity for the peptide substrates as well as for the protein kinase inhibitor (Table I) is much lower than the one of enzymes from higher eukaryotes. Glass et al. (22) proposed that the structural basis for the low affinity of yeast cAMP-dependent protein kinase for peptide substrates and protein kinase inhibitor was the absence of two of the three acidic residues that interact with arginine at Ϫ3 from the serine of the phosphorylation site of the peptides or of the alanine of the pseudosubstrate site of the protein kinase inhibitor. Although M. rouxii catalytic subunit has not been cloned, one can assume that the basis for the low affinity is the same, since when analyzing sequences of catalytic subunits from lower eukaryotes, particularly fungi (Blastocladiella emersonii, Schizosaccharomyces pombe, Ustylago maydis, Colletotrichum trifolii, Dictyostelium discoideum, Aspergillus niger, and Magnaporthe grisea), we observed that all of them were missing two of these three acidic residues. In the same search we verified that the other residues described to be important for the interaction with the peptide substrates and with the peptide inhibitor (22) were conserved in all these organisms.
The rationale when designing the experiments using holoenzyme was the following: if substrate phosphorylation by holoenzyme in the presence of cAMP is catalyzed by the free C subunit it would be expected that the ratio of activity between different substrates or the sensitivity to inhibition by the peptide inhibitor would be similar to the one shown by the free C subunit. However, the results shown throughout this paper indicate that the activity displayed by the holoenzyme and the sensitivity to cAMP concentration, to modulation by polycations, and to inhibition by the peptide inhibitor are highly dependent on its concentration and on the substrate used. When the enzyme concentration is around the subnanomolar level and cAMP concentration is high, the activity displayed by the holoenzyme toward the different substrates and the sensitivity to the peptide inhibitor resemble the behavior of free catalytic subunit. However, at high enzyme concentration, in the nanomolar level and/or at subsaturating cAMP concentration the behavior of holoenzyme and free catalytic subunit differ completely.
There are two interpretations we can offer to explain these results: (a) Only free catalytic subunit has cata- The relative activities displayed by free C Mr are shown on the right (to make comparisons clearer, the same activity as the one displayed by the holoenzyme in the presence of 10 M cAMP plus CK2 peptide was arbitrarily assigned to R4). The inset shows the degree of activation promoted by polycations in each case.
